INTRODUCTION
The mammalian skin is a complex organ where controlled spacial and temporal growth and differentiation are vital for survival of the organism. Furthermore, skin appendages have evolved for specialized functions that distinguish mammals from other land vertebrates. The ease of manipulating differentiation of keratinocytes from mouse skin in culture by controlling the calcium concentration in the medium [1] [2] [3] has greatly advanced the understanding of the controls on epidermal proliferation and differentiation. Further, this model system has provided a means to dissect the cellular and molecular basis for epidermal pathology such as neoplastic transformation induced by chemical initiation and promotion, by introduction of oncogenes or other disease-related genetic changes 4 and the consequences of pharmacological exposures [5] [6] [7] . Remarkably, the discovery that calcium concentration is a major determinant of the differentiation state of mammalian keratinocytes in vitro parallels the finding that a similar calcium gradient is maintained across the epidermis in the living skin 8, 9 .
Although other techniques have been reported that support the growth and maintenance of mouse keratinocytes for limited periods [10] [11] [12] , the reduced calcium model has proven to be the most effective for probing the pathways that regulate basal keratinocyte physiology. The steps of this protocol for preparing and culturing primary keratinocytes from newborn mice are easily mastered. This procedure has been performed on numerous strains of mice, including genetically altered mice with defects that limit survival after birth. Depending on mouse strain, epidermal cells from one newborn to 2-d-old mouse yield three to four nearly confluent 60-mm culture dishes of keratinocytes by 3 d after plating. In brief, the dermis easily separates from the epidermis at the basement membrane after floating skin on cold trypsin overnight (16-18 h ). All cell fractions are prepared with cold medium containing 8% FBS and 1.3 mM calcium (high calcium (HiCa) medium) and are kept on ice between manipulations. The epidermis is minced with scissors in cold medium, the resulting suspension is triturated by pipetting to dissociate cell clumps, and stratum corneum sheets are removed by filtration of the suspension through a 100-mm mesh filter. The resulting cell suspension containing basal and suprabasal single cells and cell clumps as well as immature hair follicle (HF) buds is plated on tissue culture plastic and incubated overnight either in 0.2 mM calcium medium for more rapid attachment or in low calcium (LoCa) medium. By 8-18 h later, basal cells and HF buds have attached and spread and show typical epithelioid morphology. HF buds contribute 50-60% of the attached population. Loosely attached or floating rounded cells and cell aggregates, representing suprabasal and cornifying cells, are removed by washing with PBS before feeding the attached cells with maintenance medium containing 0.05 mM calcium and 8% Chelex-treated FBS (LoCa medium). Medium is changed every 2 d.
The biology of basal keratinocytes in vivo is most closely reflected by that of primary keratinocytes during the first week to 10 d of culture in LoCa medium. By 4 d after plating, most of the initially attaching cells that were already committed to differentiation have detached so that the remaining attached cells show typical Cobblestone morphology 1 , are proliferating and are negative for suprabasal differentiation markers 3 . By 10 d in culture, heterogeneity in morphology begins to become obvious, suggesting the onset of senescence. Therefore, most experiments are performed between 4 and 7 d of culture when results are generally most reproducible from experiment to experiment. The useful culture life varies between mouse strains with BALB/c keratinocytes having the lowest initial plating efficiency and the highest propensity to senesce compared to FVB/N, CD-1, C57BL/6 or SENCAR. Cell proliferation under LoCa conditions can be prolonged using fibroblast (Fb)-conditioned medium or by adding growth factors (keratinocyte growth factor or epidermal growth factor (EGF)). Limited attempts in this laboratory to derive stable clonally derived cell lines in Fb conditioned medium or growth factor-supplemented medium gave rise to independent cell lines that often differed markedly from each other, suggesting a degree of genetic instability during prolonged culture 13 . This is borne out by the finding that keratinocyte cell lines readily become near-tetraploid even at early passage in growth factor-supplemented medium [14] [15] [16] .
An integral part of this protocol is the procedure for removing calcium from FBS by exposure to a chelating resin on a scale that is appropriate for the needs of the laboratory. Before purchasing serum, it is necessary to obtain several different serum lots from different sources, which, after treating with the chelating resin, are tested for support of growth of healthy keratinocytes over a period of 2-3 weeks.
A commercially available potential alternative to LoCa medium is a serum-free keratinocytes medium available from Lonza (cat. no. CC-3108; KGM-2 without Ca ++ , 'BulletKit') consisting of a calcium-free basal medium plus a kit containing growth factors, cytokines and supplements consisting of epinephrine, transferrin, bovine pituitary extract, EGF, insulin, hydrocortisone and antibiotic in individual vials. Optimum concentrations of calcium and other factors for growing murine keratinocytes should be determined. This medium has not been tested in this laboratory as an alternative to the LoCa medium. A related medium, KBM-2, containing 0.15 mM calcium (Lonza, cat. no. CC-3103) without additional growth factors was used by Castilho et al. 17 for shortterm in vitro studies on primary keratinocytes from newborn mice prepared according to this protocol.
If the aim is to prepare and culture primary epidermal cells from newborn mice for short-term studies, only Steps 1-40 of this protocol need to be considered. However, in a laboratory devoted to various aspects of skin research, there are likely to be needs for subpopulations of cells from the epidermis and dermis not only from newborn mice but also from adult mice. For this reason, this protocol also includes complementary procedures for preparing primary keratinocytes from dorsal skin and tail skin of adult mice 4 , and procedures for preparing several subfractions of dermal and epidermal cells from newborn mice that may be useful in the context of this protocol. These are single dermal cells, primarily Fbs (Steps 41-58) and intermediate size developing HFs (Steps 59-64) both obtained from the dermis after digestion with collagenase, and immature HF buds from the epidermal cell fraction as crude HF buds suitable for grafting 18 (Steps 65-67B), and as more purified HF buds suitable for collagen matrix cocultures (Steps 65-67A) to study the in vitro consequences of signaling between mesenchymal cells and HFs 19, 20 . Freshly prepared dermal cells are grafted in combination with HFs to reconstitute haired skin, which depends on the dermal papilla cells contained in the dermal cell preparation 18 . One-week cultured dermal cells are essentially devoid of functional dermal papilla cells and are used in combination with variously modified test keratinocytes as source of mesenchymal cells to reconstitute a transgenic or a hybrid skin or tumors in grafts on athymic nude mice to determine the in vivo phenotype of the test keratinocytes 21, 22 . The steps of the grafting procedure are also included.
The usefulness of the grafting procedure is by no means restricted to the cell preparations explicitly covered in this protocol. Likewise, in addition to the specific uses for the various cell preparations cited here, there are potential uses in the development of other in vitro models designed to answer specific biological questions. An obvious one is the establishment of 3D organotypic cultures using the various epithelial and dermal fractions to model epidermal proliferation and differentiation in association with a dermal equivalent in vitro. Also, the dermal single cell fraction, seemingly composed primarily of Fbs, could potentially be induced to show other characteristic differentiated phenotypes, such as of sebocytes, adipocytes, muscle cells and nerve cells, when provided with the required permissive physical and inductive environment. Collagenase Prepare 0.35% (wt/vol) in Fb culture medium, agitate on rocker for 10 min, centrifuge at 2,800g r.p.m. for 10 min, filter sterilize through low protein-binding filters, first through 0.45 mm with prefilter and then through a 0.2-mm filter; store at 4 1C. LoCa medium (0.05 mM Ca 2+ ) S-MEM supplement with 8% (vol/vol) chelexed serum (see chelexing procedure in REAGENT SETUP) plus 5 ml penicillin-streptomycin per 500-ml bottle. HiCa medium (1.3 mM Ca 2+ ) LoCa medium plus 2.6 ml of 0.25 M calcium stock solution per 500 ml bottle. Fb culture medium DMEM supplemented with 10% (vol/vol) newborn calf serum plus 5 ml GlutaMAX, 5 ml sodium pyruvate and 5 ml penicillinstreptomycin per 500-ml bottle. Fibronectin/collagen coating solution (for tissue culture plates to enhance keratinocyte attachment) To 200 ml stirred Leibovitz medium add 2 mg fibronectin, 1 ml 2% (wt/vol) BSA in PBS, 4 ml 1 M HEPES, 2 ml bovine collagen type I, 3 mg ml À1 ; sterilize by filtration through low protein-binding 0.2-mm filter. Store at 4 1C. Serum chelexing to remove calcium, general guidelines A 500-ml radial flow SUPERFLOW LAB COLUMN (Sepragen), well packed with washed Chelex-100 resin, efficiently removes calcium from 15 l FBS (containing B3 mM calcium) at a flow rate of 1,500-2,000 ml h À1 (ratio of serum volume to packed resin volume is B30). C-columns with adapters that eliminate/minimize mixing volume above the resin bed (formerly from Pharmacia, currently from GE Healthcare) are available in various sizes and provide a good alternative for small-volume serum chelexing needs. The smaller columns are convenient for chelexing the 50-ml test sera, generally supplied free by serum supply companies. After packing the column, wash resin by pumping Z2 column volumes of sterile normal saline through it before starting the flow of serum. Monitor the column effluent for the appearance of serum and then transfer the outflow tube to the serum collection vessel. Efficient chelexing reduces the calcium concentration in serum to r0.01 mM, but this needs to be confirmed by atomic absorption analysis. Mix 5 volumes of efficiently chelexed serum with 1 volume of unchelexed serum to adjust the calcium concentration of the serum.
MATERIALS
(The calcium concentration in LoCa medium made with 8% (vol/vol) of this serum mixture will be close to 0.05 mM, the target value for LoCa medium. Because Chelex-100 resin also removes other divalent cations, mixing with untreated serum partially restores their concentrations as well.) Finally, filter sterilize the serum mixture first through 0.45-mm and then through 0.2-mm low protein-binding filters. For large volumes, perform serum filtration under nitrogen pressure supplied to a pressure tank containing the serum mixture and connected to the filters arranged in tandem. Store serum at À20 1C.
PROCEDURE
Preparing newborn mice for skin removal TIMING 1 h for ten mice 1| Place mice into culture dishes without crowding and transfer to a CO 2 euthanizing chamber for 20 min.
2| Place dishes on ice until the next step.
3| Immerse killed mice in Betadine for 2 min, two times.
4| Rinse mice with deionized water.
5| Immerse mice in 70% ethanol for 2 min, two times, and then place dishes on ice until the next step.
Removal of newborn mouse skin TIMING 30 min for ten mice 6| Perform skin removal procedures using sterile dissecting tools on the inner surface of the lid of a sterile 150-mm culture dish. m CRITICAL STEP Ease of separating the epidermis from the dermis after the trypsin treatment is assured by removing the skin from the mouse as an intact sheet with smooth edges that will float flat on the trypsin solution.
7| Cut off limbs just above the wrist and ankle joints, leaving visible stumps (Fig. 1a,b ).
8| Cut off tail close to body leaving an easily visible hole (Fig. 1c) .
9| Grasp the body firmly between a pair of forceps, insert small sharp scissors through the hole at the tail and cut the skin in a smooth fashion along the dorsal midline of the body to the tip of the nose (Fig. 1d,e) ; be careful not to cut through underlying fascia into the body cavity.
10| With forceps in each hand, gently loosen the skin away from the midline (Fig. 1f) . 11| Grasp exposed body at the hips with one pair of forceps and use the other to pull the back skin gently over the back leg stumps (Fig. 1g) .
12| Grasp the back skin now hanging on the ventral side of the mouse with one pair of forceps and gently pull away the whole skin from the body with one continuous motion while holding the skinless rear of the body with another pair of forceps (Fig. 1h,i) . The released skin does not include the whisker pads. The latter could be removed at this stage using a scalpel blade or scissors for isolating whisker follicles, if desired.
13| Place the released skin on the culture surface of a clean 150-mm culture dish, dermis side down (Fig. 1j ).
14| Spread out the skin completely flat; if edges are curled under, try uncurling by pulling the skin back and forth on the dish first and then flattening isolated wrinkles (Fig. 1j) ; proper stretching of skin at this stage makes floating it on trypsin much easier.
15| Place eight to ten stretched skins in one dish; the closed dish can be kept in a refrigerator for at least 2 h before floating the skin on trypsin.
Floating skin on cold trypsin TIMING 30 min for ten skins 16| In a laminar-flow hood set up the following: sterile forceps, freshly thawed cold trypsin (0.25% without EDTA) and new culture dishes. Pour B50 ml trypsin into a 150-mm dish. ! CAUTION The shelf life of thawed trypsin is limited. To assure easy separation of dermis from epidermis, always use freshly thawed trypsin. Although rare, it is possible to receive new frozen trypsin lots of low activity. Pretesting of new lots is advised. ? TROUBLESHOOTING 17| Grasp opposite ends of one side of the stretched skin with forceps, lift it and transfer it so that the dermis side of the hanging skin touches the trypsin, then lower the rest of the skin and release the forceps; the skin will generally float perfectly flat (Fig. 1k) .
18| If necessary, flatten curled-under edges using the rough side of one tip of forceps placed under the skin and gliding away from it (Fig. 1k) while steadying the skin with the other forceps placed gently on the center of the skin (not shown). Up to ten skins can be floated in one dish. The tendency of skins is to float rather than to sink; therefore, carefully transporting the dishes will generally not cause the skins to sink. at the tip of the nose; (f) loosening the skin on both sides of the dorsal midline cut; (g) pulling skin over the hind leg stumps; (h) gathering skin on the ventral side and pulling it toward the head; (i) pulling the skin over the forelimb stumps and over the head; (j) flattening skin, dermis side down, on the culture surface of culture dish; (k) uncurling folded down edges of skin as necessary after transferring it, dermis side down, to the surface of the trypsin solution contained in culture dish; (l) dermis being lifted above the adhering epidermis of skin, that had been floating overnight on trypsin and was transferred, epidermis side down, to the inner surface of a dry lid of a sterile culture dish and gently spread; (m) gathering of epidermis to enclose loosely adhering cells before transfer to a container with high calcium medium; also shown is the dermis lifted in the previous panel and deposited on the lid surface.
100-mm Nytex, and funnel, cold HiCa medium with added antibiotic-antimycotic solution (2 ml/500 ml), a dish with skins floating on trypsin, and several new 150-mm Falcon culture dishes. The bottoms of the new culture dishes can be used as sterile surfaces on which dissecting instruments are rested. The inner surface of the lids will be used for separating the dermis from the epidermis of the floating skins.
21| Add cold HiCa medium to the Stender or other suitable dish, 2-5 ml per epidermis, for the number of epidermises to be processed together.
22| Grasp each floating skin on opposite ends of one side with forceps, lift it up from the trypsin surface and, after very briefly allowing trypsin to drain from it, transfer it to a dry area on the dry inner surface a culture dish lid with the epidermis side down. Eight to ten skins can be accommodated in one lid. ! CAUTION In order for the epidermis to adhere to the inner surface of the lid, the lid must be dry and must not have been treated by the manufacturer for tissue culture use. Test with a drop of water: it will spread on a treated surface, but roll on an untreated surface.
23| Spread the skins gently to allow the epidermis to make contact with the plastic at various points around the edges (Fig. 1l) .
24| For each skin, lift the dermis up straight above the epidermis (Fig. 1l) , holding the epidermis down with forceps if necessary, and transfer dermis to a tube containing HiCa medium for later preparation of Fbs and dermal HFs (Steps 41-51 and 59-64) if planned, or to another receptacle for later disposal.
25| Fold the edges of each epidermis with forceps toward its center (Fig. 1m) , and without letting the loosely attached keratinocytes escape onto the dish, transfer each packet of epidermis to the Stender dish containing HiCa medium.
? TROUBLESHOOTING
26|
Mince the collected epidermises with scissors until pieces are small enough to enter the tip of a 10-ml pipette.
27| Triturate the resulting suspension by pipetting up and down ten or more times, then transfer the suspension to a 50-ml conical tube, leaving most of the stratum corneum sheets behind.
28|
Rinse the Stender dish with additional HiCa medium and transfer to the same tube.
29| Centrifuge the cell suspension at 150g for 5 min at 4 1C. ! CAUTION First time users of all procedures involving cell preparations are advised to save all fractions and to examine aliquots under a phase contrast microscope before discarding any. This precaution serves to verify retention of the wanted cells, and gives assurance that fractions to be discarded are either virtually free of cells or are not needed. It may also help in troubleshooting unexpected outcomes, such as low cell yield.
30| Carefully aspirate the supernatant including any floating stratum corneum pieces that would reduce keratinocyte yield by entrapment during the filtration in the next step.
31|
Resuspend the pellet in HiCa medium, and filter through a 100-mm cell strainer into a new 50-ml conical tube. Rinse the cell strainer with HiCa medium to release cells entrapped by remaining stratum corneum pieces. Limit the amount of epidermal material going through one BD cell strainer to no more than 30 mouse equivalents (MEs) (keratinocytes from 30 skins).
32| Centrifuge the cells again at 150g for 5 min at 4 1C.
33|
Aspirate the supernatant, resuspend pellet in HiCa medium to 1 ME per ml of primary keratinocyte; ME ¼ mouse equivalent ¼ all the keratinocytes from one newborn mouse skin.
34| Count a suitable aliquot of cell suspension in 10 ml of Isoton with the Coulter Counter window open from 7 mm to infinity to include large particles such as immature HF buds. The particle count should be of the order of 8-10 million per ml. If desirable, a vital count of trypan blue-excluding cells could also be determined using a hemocytometer.
' PAUSE POINT The cell suspension can be kept at 4 1C for several hours before plating.
? TROUBLESHOOTING Plating primary keratinocytes for culture TIMING 1 h for ten MEs 35| Bring keratinocyte preparation in HiCa medium at 1 ME per ml from 4 1C storage or ice bucket to laminar-flow culture hood. 37| Plate desired amount of cell suspension into 60-mm or larger dishes as required for intended experiment: 4 ml/60-mm dish of this suspension will contain 0.5 ME or B5 million particles per ml. For larger or smaller dishes calculate the volume needed so that the ME/unit area is approximately the same (e.g., 1 ME/100-mm dish; 3 ME per 150-mm dish); plating efficiency depends on the age and strain of the mice and needs to be determined by the experimenter. ! CAUTION HF buds, which have a high plating efficiency, are dense structures containing 50-150 cells per particle. They have a tendency to settle out rapidly under gravity. Therefore the cell suspension needs to be agitated (e.g., by pipetting the cell suspension up and down in the container) between each withdrawal of cell suspension for plating to maintain homogeneity within the population. Uniform distribution of cells over the tissue culture surface is enhanced by distributing the cell suspension during release of the cell suspension over the entire surface of the dish rather than by depositing it all in the center of the dish. Permitting the cells to settle in the culture dishes for a few minutes before carefully moving them to the incubator also contributes to more uniform distribution of cells.
36|
38| Incubate the cells at 36 1C in an atmosphere of 7% CO 2 in air overnight.
39|
On the next day, aspirate the medium containing unattached cells, rinse the attached cells with Ca-and Mg-free PBS and add LoCa medium.
40| Feed cells every other day thereafter. Figure 2 shows the morphology of primary keratinocytes shortly after plating ( Fig. 2a ) and 3 d later (Fig. 2b) . Cultures are generally confluent by day 3 or 4. The culture morphologies of primary keratinocytes from adult mouse skin (Box 1) and from tail skin (Box 2) are similar to that shown for primary keratinocytes from newborn mouse skin in Figure 2b . 
BOX 1 | PREPARATION OF PRIMARY KERATINOCYTES FROM ADULT DORSAL SKIN OF MICE IN THE RESTING PHASE OF THE HAIR CYCLE 4
Separation of epidermis from dermis of adult mouse skin is possible only if the area to be excised is in the resting phase of the hair cycle (telogen), which is usually the case for back skin between age of 6 and 12 weeks after birth. Telogen must be verified in white mice by clipping the hair on the back skin and observing no hair growth for 3 d. In mice with pigmented hair, the skin after clipping the hair will appear to be pink during the resting phase of the hair cycle, and various shades of gray to black during the growing phase.
Additional supplies and reagents
Autoclaved porcelain spot plate Several autoclaved Whatman no. 1 filters of 12.5-cm diameter Filter-sterilized solution of 0.025 M NH 4 OH/0.5% (vol/vol) of Triton X-100 in PBS Filter-sterilized 1 mM EDTA in PBS Procedure TIMING up to 5 h for five mice with interruptions 1. Kill the mice by deep CO 2 narcosis and treat the shaved area of the dorsal skin with depilatory cream (Nair) for B3 min. 2. Remove excess Nair with cotton gauze and remove remaining Nair under running water while rubbing the area gently with gauze. 3. Wash entire mouse with Betadine, deionized water and 70% ethanol as for newborn mice. 4. Remove Naired back skin area with sterile instruments and place epidermis side down on a sterile surface such as the rough underside of an autoclaved porcelain spot plate. 5. Using a scalpel blade or single-edged razor blade, carefully scrape off the hypodermis while holding an edge of the skin in place with the edge of a Scoopula type sterile spatula. Skin should be stretched flat at this point. 6 . Apply a piece of autoclaved Whatman no. 1 filter paper, somewhat larger than the piece of skin, to the now exposed surface of the dermis. 7. Cut the skin including the attached paper into 1-cm wide strips using sterile scissors and place, with the paper still attached, dermis side down on the surface of recently thawed cold 0.25% trypsin overnight at 4 1C or on 1% trypsin in PBS for 1 h at 37 1C. Preparation of mouse Fbs from newborn mouse dermises TIMING 3 h for five dermises 41| Rinse dermises (from Step 24) with Fb medium.
42|
Transfer rinsed dermises to a suitable container (e.g., 125 or 250-ml sterile Erlenmeyer flask) and add 2 ml 0.35% collagenese per dermis. ! CAUTION For adequate agitation (in Step 43), the height of the liquid level in the flask should be no more than 1 cm.
43|
Incubate dermises with agitation at 37 1C in a shaking incubator or water bath set at low speed for 30 min.
44| Add 12.5 ml DNASE per dermis and continue incubation for 10 min.
45| Dilute dermal digest with Fb medium to 100 ml for five dermises and filter through 100-mm mesh Nytex cloth placed into a funnel (removes undigested dermal fragments and very large HFs).
46|
Centrifuge the filtrate at 150g for 5 min-save the supernate and pellet.
47| Centrifuge the 15-g supernate from
Step 46 at 450g for 5 min to sediment dermal cells that did not sediment at 150g due to the viscosity of the dermal digest; save the pellet containing Fbs and discard the supernate. 
BOX 2 | PREPARATION OF PRIMARY KERATINOCYTES FROM ADULT MOUSE TAIL SKIN 4
Keratinocytes can be isolated from tail skin at any time, regardless of age of mice, because the hair density on tails is too low to interfere with separation of dermis from epidermis.
Procedure TIMING up to 5 h with interruptions Figure 2 shows the morphology of cells in the dermal cell preparation within 5 min after plating in Fb medium (Fig. 2e) and 3 d later (Fig. 2f) . Rapidly attaching cells are obvious in Figure 2e , and two strings of elongated cells, probably representing other types of cells, are obvious in the lower left quadrant of Figure 2f . Depending on intended use, dermal cells can be used either uncultured, cultured overnight or cultured longer and passaged. The following steps markedly reduce keratinocyte contamination in overnight-cultured fresh dermal cells while retaining functional dermal papilla cells (needed for HF reconstitution.) This precaution to markedly reduce, if not eliminate the presence of keratinocytes in the dermal cell preparation, may be important when combining keratinocytes from one genetic background with Fbs of different genetic backgrounds to reconstitute a hybrid haired skin graft.
53| After the 45-60-min attachment period, remove medium containing slowly attaching cells, such as keratinocytes, and rinse attached cells once gently with Fb medium and discard both lots of medium.
54| Feed attached cells with Fb medium and incubate overnight.
55| Gentle trypsinization will release the Fbs, but leave any remaining keratinocytes attached; therefore, wash cells twice with PBS; expose cells to trypsin/EDTA (5 ml/T150) for 1 min, then remove excess trypsin/EDTA. 60| Resuspend this 20-g pellet in HiCa medium at 5 MEs/4 ml and mix with an equal volume of 9% Ficoll.
61| Layer 8 ml of the resulting suspension of dermal follicles in 4.5% Ficoll over 5 ml 9% Ficoll in conical 15-ml tubes.
62| Centrifuge the tubes at 40g for 5 min in a swinging bucket centrifuge.
63|
Remove and discard supernatants.
64| Either take follicles in the pellet through another round of purification through the discontinuous Ficoll gradient centrifugation, or wash directly three times by suspension in HiCa medium and centrifugation at 20g for 3 min to remove Ficoll. The resulting dermal HF preparation is virtually free single cells, and contains developing HFs of various length and in addition structures that appear to be follicle fragments (see Fig. 3e ). When cultured for 3 d in LoCa medium, most of the cells have keratinocyte morphology; however, some of the cells are elongated and probably represent follicle associated cells, such as dermal papilla cells, melanocytes and Fbs (Fig. 3f) . The dermal HF preparation after suspension in HiCa medium is ready for use in other applications such as monolayer culture or grafting.
? TROUBLESHOOTING Preparation and purification of HF buds from primary keratinocytes TIMING 5 min 65| Centrifuge primary keratinocyte preparation (from Step 31) at 20g for 3 min to sediment HF buds. Resuspend pellet in HiCa medium and repeat the low speed centrifugation. The combined supernates represent primary keratinocytes from which HF buds have been removed. Figure 2 shows the morphology of this primary keratinocyte population, representing interfollicular keratinocytes, shortly after plating (Fig. 2c) and 3 d later (Fig. 2d) .
66|
Resuspend the crude HF bud pellet from
Step 65 in HiCa medium at no 420 ME of per 10 ml. (Fig. 3c) . After 3 d of culture in LoCa medium, the cells are indistinguishable by morphology (Fig. 3d) from that of primary keratinocytes (Fig. 2b) . (Fig. 3a) . Grafting procedures are performed in laminar-flow hoods in the animal facility clean room reserved for holding immunodeficient mice in microisolator cages and for performing experiments with them. Supplies to be taken to the animal facility for grafting:
Sterile instruments and supplies: forceps, curved scissors, wound clips with autoclip applicator, gauze, pipette tips for a P200 Pipetman, assembled grafting chambers (domes) in sterilizing pouch. (Grafting chambers consist of a lower rim that looks like a hat with part of the top cutoff, and a hat-shaped upper part with a rounded dome. The vertical sides of the lower part fit inside the dome with the rim under the rim of the upper part. As manufactured, the upper part requires a 2.5-mm hole to be cut through the dome area with a disposable punch biopsy tool. Undamaged grafting chambers removed from mice can be recycled.)
Other supplies: bottles of 70% ethanol, Betadine and sterile PBS; several 100-mm culture dishes: one to contain PBS, others to serve as sterile surface for resting surgery instruments; sterile beaker for holding instruments in 70% ethanol while changing from one group of mice to another; P200 Pipetman; Bandguard (Schering Plough bandage protectant, cream formulation); cotton tip applicators.
Anesthetic solution prepared in enough quantity to sedate all mice to be grafted: 1-ml Pentobarbital (50-60 mg ml À1 depending on lot)
added to a mixture of 7.2 ml distilled water and 0.8 ml 95% ethanol. This is enough anesthetic to sedate 20 mice. Mice are given 0.01 ml g À1 body weight of the anesthetic solution intraperitoneally with a 1-ml tuberculin syringe and a 25-gauge, 5/8¢¢-long needle. Mice lose consciousness within 3-5 min and remain sedated for at least 30 min.
Ice bucket with tubes containing the pellets of cell mixtures to be grafted, each mouse receiving the contents of one tube.
Procedures in the tissue culture room before grafting TIMING up to 2 h for two groups of five mice each (Fig. 3b) from primary keratinocytes (Fig. 2b) . The washed HF bud preparation when suspended in HiCa medium is ready for use in grafting (see Box 3, Fig. 4 18 . With only partially active trypsin, however, even skin from newborn mice will seem more difficult to separate into epidermal and dermal layers. Histology of such skin after floating on partially active trypsin overnight revealed separation within the lower spinous cell layers. Thus, many basal cells and HF buds remained attached to the dermis when it was lifted up from the epidermis. Solutions: Use only newborn to 2-d-old mice and skin from adult mice that is in the resting phase of the hair cycle. Use only freshly thawed trypsin kept o1 week at 4 1C. Pretest new trypsin lots on newborn mouse skin and verify that cell yield is in the expected range and that overnight attaching cells look healthy and abundant after removing unattached suprabasal cells on the day after plating.
Steps 34, 51, 64, 67A and 67B Problem: Low cell yields for the various cell preparations due to inadvertent loss during centrifugation steps for reasons such as choosing an inappropriate centrifugation speed or discarding wanted fractions. Solution: When performing procedures for the first time, examine aliquots of all fractions under the microscope to become familiar with the expected cell morphologies. At various stages during the preparation, compare cell morphologies to those of the final preparations shown in the top row panels of Figures 2 and 3 .
ANTICIPATED RESULTS

Cell yields
The following cell yields can be expected from the various cell preparations detailed in this protocol: Yields of dermal HF and of HF buds isolated from the epidermal preparation have not generally been quantified by particle count, although that should be possible, particularly with new generation particle counters (e.g., Nexcelcom Cellometer Auto T4, recommended for heterogeneous cell populations). For grafting experiments, amounts were standardized based on MEs per grafted mouse 18 (0.5 ME of dermal HF or 1 ME of HF buds per mouse). Standardization of amounts of HF buds used in coculture experiments was based on DNA content 20 (15 mg DNA/well of 12-well cluster dish).
Phase contrast morphologies of cell preparations Freshly prepared primary epidermal keratinocytes show multiple cell morphologies reflecting various stages of differentiation; they also contain immature HF buds, recognizable as compact multicellular packets of cells surrounded by a basement membrane-like structure (see Figs. 2 and 3) . Only basal cells and HF buds in this preparation have the ability to attach and proliferate in culture. The monolayer culture morphology of purified HF buds and purified developing follicles obtained from the dermis is essentially indistinguishable from that of primary keratinocytes.
Useful culture life of primary keratinocytes Primary keratinocytes from newborn mice are routinely plated at 0.25-0.5 MEs (depending on mouse strain) per 60-mm tissue culture dish. On the following day, the attached number of cells comprises B25% of total cells (attached plus floating) and appear to be 40-50% confluent. Under LoCa conditions, the cells will become increasingly more crowded (days 4-5) and rounded floating cells will begin to appear above the dense areas, representing presumably daughter cells that were unable to gain attachment to the plastic culture surface during mitosis. In LoCa medium, the number of attached cells will begin to decrease between days 6 and 8 after plating as the cells become more flat and appear to senesce. For this reason, most experiments to study the biochemical and molecular biological responses to treatments with growth factors, cytokines and pharmacologic agents or to the introduction of genes (by transfection or by retroviral or adenoviral transmission) are performed between days 3 and 7 after plating primary keratinocytes. 
